Alternative descriptions for the ground state structure of the half-doped manganite Pr 0.5 Ca 0.5 MnO 3 have been tested against high-resolution 10 K x-ray and neutron powder diffraction data. The best fit is obtained using a P2 1 / m symmetry model, which supports the striped charge and orbital ordering picture. The magnitude of the charge ordering is, however, only 25% of the ideal Mn 3+ The physics of manganite perovskites has been studied intensively in recent years following the discovery of colossal magnetoresistances in many compositions based on doped LaMnO 3 . 1 These materials show an unprecedented range of couplings between Mn spin, charge, and lattice degrees of freedom. It is now established that several ground states are possible for doped manganites, principally the itinerant ferromagnetic and insulating charge ordered antiferromagnetic states, and these often coexist over a range of length scales. 2 The charge-ordered (CO) ground state is most easily observed in half-doped manganites such as La 0.5 Ca 0.5 MnO 3 . The model for this CO phase was proposed by Goodenough 3 after the magnetic structure had been found to be the complex CE-type with ferromagnetic couplings along zigzag chains. 4 The model assumed that localized Mn 3+ and Mn
4+
states order in alternate planes ("stripes") as shown in Fig. 1 . Orbital ordering (OO) results from the Jahn-Teller distortion of the high spin 3d 4 Mn 3+ configuration, and the resulting superexchange interactions are consistent with the observed CE-type spin structure.
A powder x-ray and neutron powder diffraction study of La 0. 5 18 We have tested both the striped CO and the ZPO models against highly resolved powder x-ray and neutron diffraction data collected at 10 K from a polycrystalline sample of Pr 0.5 Ca 0.5 MnO 3 . Time-of-flight neutron diffraction data were collected from a 5 mm deep flat plate sample in 12 hours on diffractometer HRPD at the ISIS spallation source, United Kingdom. X-ray diffraction from a 0.4 mm capillary was measured for six hours on instrument ID31 at ESRF, Grenoble, up to a 2 angle of 70°at a wavelength of 0.588878 Å. Each structural model was Rietveld-fitted to the backscattering neutron diffraction data (d-space range d = 0.8-2.1 Å) and the x-ray data ͑d = 0.8-4.0 Å͒ together using the GSAS software package. 19 Magnetic neutron diffraction from the CE-type arrangement was fitted with Mn moments parallel to the z axis.
Rapid neutron diffraction scans at temperatures close to the CO transition ͑230 K͒ and longer scans at 180 K and 70 K revealed the temperature-dependent ͓ 1 2 -,0,0 ͔ modulation observed in other studies, 6 but at 10 K the incommensurability is negligible, enabling the structure to be refined on the monoclinic 2 ͱ 2a p ϫ 2a p ϫ ͱ 2a p supercell. No additional broadening of the superstructure reflections was observed. It was not possible to refine the crystal structure of Pr 0.5 Ca 0.5 MnO 3 against the combined neutron and x-ray data assuming space group Pm without symmetry constraints, due to the large number (67) of independent coordinates. However, convergent refinements were obtained by applying P2 1 / m or Pnm2 1 symmetry constraints to the atomic positions, which reduce the number of variable atomic coordinates to 33 or 31, respectively. 20 The final structural models were reproducible from several starting points and so are taken to be the true minima for the refinements. A comparison of the fitting indices, Mn-O bond lengths and Mn valences (calculated using the bond valence sum method 21 ) is given in Table I .
The fitting indices for the two refinements show that the P2 1 / m and the Pnm2 1 models give equivalent fits to the x-ray data, but the fit to the neutron intensities [R F 2͑N͒ residuals in Table I ] is significantly better with the P2 1 / m model. This is also evident by visual inspection of the neutron superstructure intensities that are sensitive to the different models, such as the ͑h , k , l͒ = ͑odd, even, odd͒ subset of reflections (Fig. 2) for which R F 2͑N͒ = 10.5% for the P2 1 / m model and 12.7% for the Pnm2 1 model. The higher fit quality of the P2 1 / m model leads us to conclude that this is a better description of the structure of Pr 0.5 Ca 0.5 MnO 3 than the Pnm2 1 refinement. The refined P2 1 / m structural parameters are given in Table II. It is useful to compare the refined P2 1 / m and the Pnm2 1 models as both give charge and orbitally ordered descriptions for Pr 0.5 Ca 0.5 MnO 3 . In P2 1 / m symmetry (Fig. 1) , there are three independent Mn sites; 1(a and b), 2a, and 2b. The refined Mn-O distances and BVS estimates of formal charge (Table I) show that these sites approximate to Mn 4+ , Mn 3+ , and Mn 3+ , respectively, with the latter sites showing elongation of one pair of bonds in the ac plane characteristic of OO. This is the striped picture for CO and OO; 3 however, the differences between the BVS values show that the CO is only 25% of the theoretical separation of one charge unit. This is in good agreement with the 19% charge separation estimated from theoretical calculations. 18 In the Pnm2 1 description (Fig. 1 ), the refinement again evidences charge ordering of Mn 4+ and Mn 3+ , respectively, at the two independent Mn sites, (1 and 2)a and Table I ). The distortion is less regular than in the P2 1 / m model because of the direct connections between Mn 3+ octahedra in the bistripes. The BVS's for the two Mn sites are very similar to those in the P2 1 / m refinement. Hence, both the P2 1 / m and the Pnm2 1 refinements give physically plausible charge and orbitally ordered models for Pr 0.5 Ca 0.5 MnO 3 , corresponding to striped and bistriped CO models, respectively.
Although the Pnm2 1 refinement model does not provide the best fit to the data, it nevertheless describes an alternative CO and OO model, whereas in the previous single crystal study of Pr 0.6 Ca 0.4 MnO 3 , the same pseudosymmetry did not reveal any CO or OO at the two Mn sites. This discrepancy may arise from two factors. Although single crystal diffraction experiments generally give more precise structure refinements than powder methods, they are sensitive to crystal twinning which commonly results from the small lattice distortions that accompany CO. The single crystal data for Pr 0.6 Ca 0.4 MnO 3 were analyzed assuming six twin domains. 10 A second factor is the use of a 40% rather than a 50% doped manganite. Although a constant lattice periodicity is found for charge-ordered Pr 1−x Ca x MnO 3 in the range x = 0.3-0.5, the additional disorder introduced at x = 0.4 (where 1 in 5 of the Mn 4+ sites are occupied by Mn 3+ ) is likely to reduce the range and magnitude of the CO to below the practical limit of ϳ10% observable by crystal structure refinement. It would be interesting to perform a high resolution powder diffraction study of Pr 0.6 Ca 0.4 MnO 3 for direct comparison with the present work. (6) 1.909 (7) 1.908 (7) 1.977 (5) 1.851 (5) 1.907(3) ͑ϫ2͒
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Mean In conclusion, we find that the two previously reported pseudosymmetry models both yield charge and orbitally ordered descriptions for Pr 0.5 Ca 0.5 MnO 3 when refined against highly resolved powder neutron and x-ray diffraction data. However, the P2 1 / m model, corresponding to Goodenough's original striped CO picture, gives a significantly better fit to neutron superstructure intensities, and so is preferred to the bistriped (or ZPO) Pnm2 1 model. These results, in which charge order is evidenced by a full refinement of oxygen atom shifts, complement recent resonant Mn K edge x-ray scattering studies that have also favored the striped CO over the ZPO picture. 15, 16 The degree of structural charge ordering is only 25% of the expected difference between localized Mn 3+ and Mn 4+ states, in common with the CO reduction in other transition metal oxides. This shows that the ordered electrons are not fully localized as simple ions such as Mn 3+ , although they approximate to this description as evidenced by the observation of OO.
